Presenilin 1 (PS1) plays a pivotal role in the production of the amyloid-b protein (Ab) that is central to the pathogenesis of Alzheimer's disease. PS1 regulates the intramembranous proteolysis of a 99-amino-acid C-terminal fragment of the amyloid precursor protein (APP-C99), a cleavage event that releases Ab following a reaction catalyzed by an enzyme termed 'c-secretase'. The molecular mechanism of PS1-mediated, c-secretase cleavage remains largely unresolved. In particular, controversy surrounds whether PS1 includes the catalytic site of the c-secretase protease or whether instead PS1 mediates c-secretase activity indirectly, perhaps by regulating the trafficking or presentation of substrates to the 'authentic' protease, which may be a molecule distinct from PS1. To address this issue, the baculovirus expression system was used to co-express: (i) APP-C99; (ii) a pathogenic, constitutively active mutant form of PS1 lacking exon 9 (PS1DE9); (iii) nicastrin and (iv) tropomyosin in Spodoptera frugiperda (Sf9) cells. Cells infected with APP-C99 alone produced an Ab-like species, and levels of this species were enhanced by the addition of baculoviruses bearing the PS1DE9 mutation. The addition to APP-C99-infected cells of baculoviruses bearing nicastrin, also a transmembrane protein, had a neutral or inhibitory effect on the reaction; tropomyosin viruses had the same effect as nicastrin viruses. These results suggest that PS1DE9 molecules expressed in Sf9 cells retain the ability to modulate Ab levels. Baculoviral-expressed PS1DE9 provides a source of microgram quantities of bioactive molecules for use as starting material for purifying and reconstituting c-secretase activity from its individual purified component parts.
Introduction
One of the key histopathological elements of Alzheimer's disease is the accumulation of cerebral and cerebrovascular amyloid deposits (for a review, see Selkoe 1 ). The major protein component of these deposits is a B4 kDa peptide (ranging from 39 to 43 residues in length) termed the amyloid-b-protein (Ab), that is generated from the proteolytic processing of the amyloid precursor protein (APP; 2 for a review, see Nunan and Small 3 ). The initial processing of APP via a-secretases (TACE/ADAM10/ADAM17) or bsecretase (BACE) liberates fragments of the APP ectodomain (soluble APPa or soluble APPb, respectively) leaving membrane-bound carboxyl-terminal fragments, referred to as a-CTF (APP-C83) or b-CTF (APP-C99), respectively. 1 An activity designated g-secretase is responsible for the cleavage of a-CTF to generate either a nonamyloidogenic fragment called p3 or, alternatively, g-secretase can cleave b-CTF to generate the Ab protein. 4 Mutations in presenilin 1 (PS1) account for the majority of inherited forms of early onset familial AD (FAD; for a review, see Verdile et al 5 ). FAD-linked PS1 mutations result in increased generation of the highly amyloidogenic Ab42. [6] [7] [8] These findings indicate that PS1 is intimately involved in Ab production, a conclusion that was definitively established by the observation that PS1 deficiency eliminates g-secretase activity. 9 The identification of g-secretase inhibitors that affinity-label PS1 10, 11 strongly suggests that the PS1 polypeptide forms at least part of the catalytic site of g-secretase. Further evidence is provided by other studies describing a physical interaction between PS1 and the APP C-terminal fragments. [12] [13] [14] Recent studies have identified candidate proteins, nicastrin, APH-1a, APH-1b and PEN-2, that together with PS1 are essential components for g-secretase activity. 15, 16 However, it still remains to be determined if PS1 includes the catalytic site of the g-secretase protease or whether instead PS1 mediates g-secretase activity indirectly, perhaps by regulating the trafficking or presentation of substrates to the 'authentic' protease, which may be a molecule distinct from PS1. Formal proof that PS1 is identical to g-secretase requires reconstitution of the catalytic activity from its purified component part(s), a goal that has not yet been achieved.
The aim of the present study was to determine whether PS1 overexpressed in insect cells was competent to modulate Ab generation in intact cells. Spodoptera frugiperda (Sf9) cells generate abundant C83 fragments from overexpressed human APP, identical in sequence to the C83 produced by mammalian cells.
17 C99-like and Ab-like species have been demonstrated immunochemically in Sf9 cells infected with either holo APP of APP-C99, respectively. 18 , 19 Here we demonstrate that levels of such an Ab-like species can be modulated by co-overexpression of APP-C99 together with PS1DE9, a pathogenic PS1 molecule lacking exon 9. Nicastrin or tropomyosin viruses either failed to elevate levels of the 'Ab-like' species or else showed a modest lowering in the 'Ab-like' levels under various contributors of single or multiple infections. This evidence that overexpressed recombinant PS1DE9 molecules are competent to modulate g-secretase activity suggests that this is viable starting material for proceeding with efforts to reconstitute g-secretase in vitro following purification of its recombinant components.
Methods

Antibodies
The human-specific PS1 monoclonal antibody NT1, directed against residues 41-49 of PS1, and the APP monoclonal antibody C1/1.6, directed against the last 20 residues of APP, have been previously described. 20 Antibodies WO2, raised against amino-acid residues 5-8 21 of the Ab domain of APP, 6E10, raised against residues 1-17 of Ab, the Ab 42 -specific antibody, 21F12 and 29AF (directed against residues 17-24 of Ab) 22 were all kindly provided by Dr Dale Schenk from Athena Neurosciences. The rabbit polyclonal antibody NCT Affi, directed against residues 691-701 of nicastrin, was purchased from Research Genetics (AL, USA).
Protein expression in SF9 cells
The baculoviruses containing APP-C99 were kindly provided by Dr Rachel Neve, Harvard Medical School, McLean Hospital, and have been described. 19 A control baculovirus containing the unrelated protein tropomyosin (TPM3) was kindly provided by Dr Anthony Akkari (University of Western Australia). For the production of baculoviruses containing PS1DE9 and nicastrin inserts, recombinant bacmid DNA fragments containing the inserts were generated as per the manufacturer's instructions using the BAC-TO-BAC s system (Invitrogen, CA, USA). Serumadapted Sf9 insect cells (Invitrogen, CA, USA) were then transfected with recombinant DNA. Sf9 cells were seeded at a density of 9 Â 10 5 cells per well of a six-well tissue culture plate, in 2 ml of Sf-900 II SFM containing antibiotics (Invitrogen, CA, USA). The cells were allowed to attach by incubating them at 271C for 1 h. Following a wash with 2 ml of Sf-900 II SFM without antibiotics, the cells were transfected with a lipid-DNA mixture. For each transfection, 1 mg of baculovirus DNA, diluted in 100 ml of Sf-900 II SFM without antibiotics, was combined with 9 ml of CELLFECTIN s reagent (Life Technologies, CA, USA), diluted in 100 ml of Sf-900 II SFM without antibiotics and incubated at RT for 30 min. The combined mixture was diluted in 800 ml of Sf-900 II SFM without antibiotics, mixed gently and subsequently added to cells, following aspiration of wash media. The cells were incubated for 5 h at 271C before the transfection mixture was removed and fresh Sf-900 II SFM containing antibiotics was added. The cells were incubated for an additional 48 h before harvesting the newly synthesized virus. Sf9 cells were infected with baculoviruses at various multiplicities of infection (MOI), as described in Results. The MOIs were determined using a viral plaque assay as described previously. 23 
Western blotting
Media from cells infected with APP-C99 alone or in combination with PS1DE9 or nicastrin were subjected to immunoprecipitation for Ab as described below. Following washing in PBS, the cells were scraped into a culture tube using a rubber policeman. After centrifugation (500 g, 2 min at 41C), the cells were resuspended in 500 ml of PBS, and centrifuged at 500 g for 2 min at 41C. The cell pellet was sonicated in PBS, and 10 mg of total protein was resuspended in sample buffer (70 mM Tris-HCl, pH 6.8, containing 3.2% (w/v) SDS, 0.4 mM glycine, 6 M urea, 0.1 M DTT and 0.01% (w/v) phenol red) and separated using polyacrylamide gel electrophoresis. Following electrophoresis and electrophoretic transfer, the membranes were immunoblotted using the antibodies as indicated, using standard techniques as described. 12 Immunoprecipitation for Ab The media harvested from infected Sf9 cells were subjected to immunoprecipitation with antibodies 6E10 and 29AF as described. 24 Following immunoprecipitation, the complexes were loaded onto 8-12% tris-tricine gels and separated using electrophoresis. Following electrophoresis, the gels were transferred to nitrocellulose membranes and immunoblotted with antibodies WO2 or 21F12, as described. 12 To achieve better separation between the Ab 40 and Ab 42 species, supernatants were subjected to electrophoresis using a 15% bis-bicine SDS-PAGE gel. 25, 26 In this method, the immunoprecipitates were resuspended in 0.36 M Bis-Tris, containing 0.16 M Bicine, 1% (w/v) SDS, 15% (w/v) sucrose, 2.5% (v/v) b-mercaptoethanol and 0.004% bromophenol blue, and loaded onto a 15% bis-bicine SDS-PAGE gel. Electrophoresis was performed at 12 mA/gel constant current for 30 min and 24 mA/gel for 3-4 h in cathode buffer consisting of 0.2 M bicine, 0.25% SDS and 0.1 M NaOH and an anode buffer consisting of 1.6 M Tris and 0.4 M H 2 SO 4 . Electrophoretic transfer and immunoblotting with WO2, 6E10 or 21F12 were performed as described above. 12 
Results
Expression of recombinant PS1DE9 and nicastrin in Sf9 cells
Recombinant bacmid DNA containing the nicastrin or PS1DE9 insert was generated using the BAC-TO- The N-glycosylated form of nicastrin has been shown to interact with PS1, 27, 28 and this interaction may be required for g-secretase activity. 29, 30 Therefore, in order to determine the glycosylation status of nicastrin derived from insect cells, lysates from Sf9 cells infected with nicastrin and HEK-293 cells overexpressing nicastrin were treated with the endoglucosaminidases EndoH and PNGase. The baculoviruses. 19 For the next series of experiments, we sought to determine the appearance of this peptide in the supernatant as well as to determine the effect of multiplicity-of-infection (MOI) on levels of this Ablike species. Serum-free media were harvested from Sf9 cells infected with APP-C99 at MOI ranging from 1 to 10 ( Figure 2a) . The media samples were immunoprecipitated with a mixture of monoclonal antibodies 6E10 (directed against residues 1-17 of Ab) and 29AF (directed against residues 17-24) subjected to SDS-PAGE, and immunoblotted using antibody WO2 (with an epitope spanning residues 5-8 of Ab), revealing a B4 kDa protein (Figure 2a,  lanes 1-4, 6 ) that co-migrated with synthetic Ab 40 and Ab 42 peptides (Figure 2a, lanes 10-12) and with the same Ab peptides when media from bacmid-infected cells were spiked with synthetic peptides (Figure 2a Effects of nicastrin on APP-C99 metabolism Unlike the results following PS1DE9 expression, the addition of baculoviruses containing the nicastrin insert appeared to inhibit the generation of the Ablike species (Figure 3a , compare lanes 8 and 9 vs lanes 12 and 3b). Since the effect of nicastrin viruses on APP-C99 metabolism was strikingly different from the effect of the PS1DE9 viruses, we tested the effect of an unrelated molecule, tropomyosin (TPM3), in order to assess the specificity. The addition of TPM3 viruses, like the addition of nicastrin viruses, was associated with lowering of the stoichiometry of Ab-like peptide per unit APP-C99 (Figures 3a, lanes 5-6 and 3b) , while the levels of APP-C99 were similar to those when cells were infected with APP-C99 alone ( Figure  3f , compare lanes 5-7 to lane 12). With triple expression co-infections, where either nicastrin or TPM3 reduced the levels of APP-C99 (Figure 3f , lanes 2-4, 10 and 11) or Ab-like species (Figure 3a , lanes 2-4, 10 and 11) when combined with PS1D9 and APP-C99 compared to levels seen in cells infected with APP-C99 only (Figure 3a and f, lane 12) . These results indicate that both nicastrin and TPM3 viruses probably acted as nonspecific inhibitors of generation of the Ab-like species, while PS1DE9 viruses were unusual in their ability to elevate levels of the Ab-like species. Figure  4A , lane 2), were immunoprecipitated. The immunoprecipitates underwent electrophoresis using the urea/bicine/bistris/tris/sulfate SDS-PAGE system and, after electrophoretic transfer, the membranes were immunoblotted. As reported previously, 25, 26 synthetic Ab peptide was separated into Ab 40 and Ab 42 species (Figure 4b, lanes 4-7) . The secreted Ab-like species was present following infection with APP-C99 alone or in combination with PS1DE9 ( Figure 4b, lanes 1 and 2, respectively) . The Ab-like species was immunoreactive with antibodies WO2 (residues 5-8 of Ab; Figure 4b , lanes 1 and 2) and to a lesser extent 6E10 (residues 1-17 of Ab; Figure 4c , lanes 1 and 2). The species migrated to a similar position as the synthetic Ab 40 peptide (Figure 4b and c, lanes 4-6) and is nonimmunoreactive with Ab 42 -specific antibody 21F12 (Figure 4d, lanes 1  and 2) or the non-Ab antibody C1/1.6 (Figure 4e , 2, 3, 4 ), but were slightly reduced with coexpression of PS1DE9, nicastrin and APP-C99 (lanes 10, 11) . Collectively, these data suggest that expression of multiple proteins causes nonspecific reductions in protein levels. Nonetheless, when compared to other duplex combinations (e.g. APP-C99 and tropomyosin or APP-C99 and nicastrin), co-expressing PS1DE9 and APP-C99 specifically reduced the levels of APP-C99 and increased secretion of Ab-like species, suggesting that PS1DE9 cleaves the APP-C99 to the Ab-like species. lanes 1 and 2). Furthermore, Ab42 could not be detected in the media from infected cells using the ELISA method (data not shown).
Overall, the above findings indicate that the secreted Ab-like species may have a C-terminus identical to that of typical Ab 40 . However, the lack of detection of Ab42 in this system may possibly reflect a limitation in the sensitivity of the assays employed in this study.
Discussion
The elusive enzyme g-secretase catalyzes the terminal reaction in the proteolytic processing of APP-C99 into Ab and g-CTF. Evidence to date has established that PS1 facilitates g-secretase activity. 9, 11, [31] [32] [33] However, it remains to be elucidated whether PS1 is a protease or is instead a cofactor controlling substrate trafficking and/or presentation. To address this question, PS1 and its recently identified partner, nicastrin, were expressed in a baculovirus-insect cell expression system, along with the g-secretase substrate APP-C99.
The baculovirus-insect cell expression system has been used for the expression of large quantities of recombinant proteins, including human APP. 34, 35 Moreover, human APP in insect cells is cleaved by an a-secretase-like activity to liberate secreted sAPP 35, 36 and to generate APP carboxyl-terminal fragments similar or identical to the 'APP-C99' and 'APP-C83' fragments produced in mammalian cells. 18 The 'APP-C99-like' fragments generated in these cells have been shown to contain amyloidogenic epitopes 18, 37 and the APP-C83-like fragment generated by processing of human APP has an amino terminus identical to that of its mammalian counterpart. 17 Soluble APP released from infected insect cells demonstrates protease inhibitory activity identical to that of mammalian sAPP. 34 Collectively, these studies indicate that the baculovirus-insect cell system is a relevant model to investigate some aspects of APP biology and its processing by secretases.
A 4 kDa species, with a migration pattern identical to that of synthetic Ab, is generated by insect cells 1, 2) and, to a lesser extent, 6E10 (c, lanes 1, 2) and nonreactive with the non-Ab antibody C1/1.6 (e, lanes 1, 2). The species migrated to a similar position to synthetic Ab40 peptide (b, c, lanes 4, 5, 6 , open rectangle), and was not immunoreactive with the Ab42-specific antibody 21F12. Collectively, the data confirm that the Ab species was not Ab42. An B10 kDa species was strongly immunoreactive with antibody WO2 (b, lanes 1, 2) and, to a lesser extent, antibody 6E10 (c, lanes 1, 2) and nonreactive with antibodies 21F12 and C1/1.6 (d, e, lanes 1, 2). This species was only present in media from cells expressing APP-C99 and PS1 or APP-C99 alone (b, c, lanes 1, 2), suggesting the species is a secreted cleavage product of APP-C99.
that overexpress APP-C99. In the previous study of Ab generation in insect cells, an intracellular Ab species was generated from APP-C99 only after aggregation and digestion by proteinase K, suggesting that nonspecific cleavage of APP-C99 was responsible for generating the Ab-like species in that case. 19 The current study is the first to report the release of an Ablike species by Sf9 cells; therefore, in addition to the evidence for endogenous a-secretase and b-secretase activity in Sf9 cells, 17, 18 the current study provides evidence for a possible endogenous g-secretase activity in insect cells, although nonspecific cleavage due to a high-level overexpression cannot be completely excluded. The existence of an endogenous g-secretase activity is not entirely unexpected, since there exists a Drosophila homolog of PS1. 38 Since it was unknown whether Sf9 cells would contain the 'presenilinase' enzyme(s) required to cleave PS1 into the appropriate N-and C-terminal fragments required for g-secretase activity, the constitutively active PS1DE9 mutation was used to circumvent the presenilinase processing reaction. The PS1DE9 molecule is catalytically active without requiring cleavage into the N-and C-terminal fragments. 39 Like other FAD-linked mutations, the deletion of exon 9 in PS1 typically results in increased Ab 42 levels in transfected cell lines 39 and in brain tissue from FAD patients harboring the exon 9 deletion. 40 Thus, it might be expected that the PS1DE9 mutation would be distinguished by generation of Ab 42 from the infected Sf9 cells. However, no Ab 42 could be identified in the supernatant of infected cells. The immunochemical and electrophoretic properties indicated that Ab 40 -like peptides were generated.
Previous studies have used Sf9 cells to co-express wild-type PS1 and full-length APP 41, 42 and have failed to observe Ab production. The differences observed between these studies and the current study may be due to technical differences or the use of wild-type rather than mutant PS1. The studies by Octave et al 41 and Pitsi et al 42 showed data for only one MOI point (MOI 10), which may not be optimal for active protein production. In our study, a range of MOI was used to determine optimal protein expression. In addition, several N-terminal fragments were seen with the expression of wild-type PS1, 41, 42 which indicates that wild-type PS1 in Sf9 cells may undergo nonspecific cleavage into nonactive fragments. To circumvent this problem, we used the PS1D9 mutation, which is not processed but still active. 39 Several reports have provided strong evidence that nicastrin is a component of the PS1 complex. 27, 28, 43 Recent studies indicate that nicastrin is required for the stabilization of PS1/g-secretase activity 44, 45 and is essential for g-secretase activity. However, the addition of nicastrin to the baculovirus system at MOIs of 5 and 10 resulted in suppression of levels of the Ablike species associated with expression of APP-C99 alone or in combination with PS1DE9.
Compared with mammalian cells, all nicastrin derived from baculovirus-infected Sf9 cells was more sensitive to EndoH and PNGase treatment. This indicates that, in insect cells, nicastrin exists, exclusively, as a high-mannose immature form (Man 9-3 GlcNAc 2 ), and there is no addition of oligosaccharides such as GlcNAc, galactose or sialic acid to form a mature protein. The mature nicastrin protein has been shown to preferentially bind PS1. 27, 28, 30 Furthermore, a recent report has shown that only nicastrin containing N-linked complex oligosaccharides is present in active g-secretase complexes. 29 Thus, it is conceivable that the suppression of Ab production in Sf9 cells expressing nicastrin may be related to its inability to undergo full maturation in Sf9 cells.
In summary, PS1, APP-C99 and nicastrin were successfully expressed in Sf9 insect cells infected with recombinant baculoviruses. Under some conditions, we could recover an Ab-like species from the media of cells infected with APP-C99, and the levels of this species were enhanced by the addition of FAD mutant PS1 lacking exon 9. No Ab 42 could be detected by immunoblotting with an Ab 42 -specific antibody or by using the bicine/bis/tris SDS-PAGE system that separates Ab 40 and Ab 42 and allows visualization of both Ab species on the same gel. However, the peptides shared some electrophoresis and immunochemical properties with authentic human Ab 40 . Collectively, these data suggest that the PS1DE9 mutation per se or together with immature nicastrin is not sufficient to generate a full complement of Ab species from APP-C99 and that other partners (eg pen-2, aph-1 46 ) may be required to generate this longer form of Ab in reconstituted systems. Most notably, the apparent bioactivity of the recombinant PS1DE9 provides support for its use as starting material in an effort to reconstitute functional g-secretase from its purified component parts. Efforts in using baculoviral derived human C99 and PS1D9 to reconstitute gsecretase activity are currently underway. Current data indicate that another proteolytic product of APP, the APP intracellular domain (AICD), is generated from PS1D9 cleavage of C99 (Carter et al, unpublished results). Furthermore, mass spectrometry of the AICD has revealed the presence of Ab fragments (Carter et al, unpublished results), suggesting that Ab can be generated from insect cells expressing human PS1D9 and C99. Reconstituting the active catalytic domain of g-secretase and determining the role of each of its components would be important considerations in therapeutic strategies directed at reducing the toxicity induced by increased Ab levels in Alzheimer's disease. 
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